MnO x , known as a promising electrode material for applications in supercapacitors, is attractive in view of its low cost and excellent capacitive performance in the aqueous electrolytes. [1] [2] [3] [4] [5] CNTs can be a perfect conducting additive or support for electrode materials with pseudocapacitance properties. 6 Due to the intrinsically poor electronic conductivity and dense morphology of MnO x , great efforts have been made to improve capacitive performance of MnO x with CNT composites. 7, 8 It is worthwhile to mention that, CNTs grown directly on the current collectors by CVD method 9, 10 offers the advantages of binder-free and low contact resistance, which are important to fabricate the electrodes with higher SCs and improved power capability.
Electrodeposition techniques show unique principles and flexibility in the control of the structure and morphology of the film materials. 11 Significant interests have been generated in application of electrodeposition methods to fabricate MnO x /CNT composite electrodes. 12, 13 To avoid the anodic oxidation and dissolution of the low-cost metallic current collectors and to offer the advantage of room-temperature processing, MnO x has been electrodeposited cathodically on CNTs in KMnO 4 solution, through the following reaction 14, 15 MnO
Nickel foam, a commercial material with high electronic conductivity, low weight, and 3D cross-linked grid structure providing high porosity and surface area, can be used as an ideal electrode substrate material. 16 In this work, MnO x has been potentiostatic cathodic electrodeposited onto the nickel foam-supported CNTs. Considering both the specific capacitance and the power capability, the MnO x /CNT/Ni-foam electrode with MnO x loading mass of 100 g exhibits the excellent capacitive performance.
Experimental
Firstly, a thin layer ($50 nm) of Fe was deposited by direct current magnetron sputtering on Ni foam substrate (area 1 cm 2 , thickness 1.8 mm, weight 0.05 g) to serve as the catalyst. Ni foam (S BET : 1.350 m 2 g À1 , PPI: 130) were purchased from HGP Co. (Wuzhou, China). Then, randomly oriented CNTs were grown directly onto the substrate at 700 C in a CVD reactor. A pressure of about 400 Pa was maintained by flowing acetylene, hydrogen and argon gases with a total flow rate of 180 sccm (volume ratio 5:3:10) during 1 h growing process. The mass of CNTs could be estimated by measuring the weight difference of the substrates with and without CNTs. MnO x was electrodeposited at a fixed potential of À0.80 V vs. SCE under coulometric control at room temperature on a CHI660 Instrument. To prepare the electrode with a loading mass of 100 g MnO x , the corresponding deposition charge quantity was approximately 0.3330 C as estimated by Faraday's law. The CNT/Ni-foam electrode, a platinum electrode, and a saturated calomel electrode (SCE) were used as the cathode, the anode, and the reference electrode, respectively. The electrolyte was 20 mM KMnO 4 aqueous solution.
Physical Characterizations were performed on a Carl Zeiss Ultra 55 field-emission scanning electron microscope (FESEM), a JEM-2100 transmission electron microscope (TEM), a Bruker D8 Advance X-ray diffractometer (XRD), and an energy dispersive spectroscopy (EDS), respectively. The capacitive properties were investigated by cyclic voltammetry (CV) and chronopotentiometry method. The electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 10 mHz-100 kHz at a voltage of 5 mV. The as-prepared electrode, a platinum foil (area 1 cm 2 ), and an Ag/AgCl electrode were used as the working electrode, the counter electrode, and the reference electrode, respectively. The electrolyte was 0.5 M Na 2 SO 4 aqueous solution. Table I was a summary of electrode type, CNT and MnO x loading mass for the samples under tests.
Results and Discussion
Physical characterizations.- Figure 1a shows typical FESEM images of Sample C. It can be seen that Ni foam has a 3D crosslinked grid structure. The CNTs are randomly oriented, entangled, totally cover the Ni foam substrate surface, and have a length of about 10 m. The wall of CNTs is smooth with the external diameter of $60 nm. The typical FESEM image of Sample A is shown in Fig. 1b . The surface of the individual CNT becomes rougher and the diameter of nanotube increases to $100 nm after MnO x deposition. FESEM studies reveal that there is a great deal of pores among composite nanotubes and in the Ni foam substrate itself, which collectively compose a 3D hierarchically porous microstructure. As shown in TEM images (Fig. 1c) , the thickness of the MnO x coating layer is approximately 10-25 nm and the diameter of individual MnO x /CNT composites is about 80-100 nm, which are consistent with the FESEM results. Moreover, high magnification TEM image discloses that the graphitic wall of CNT is composed of about 60 graphene layers. It is known that the multiwalled CNTs with high graphitic degree are favorable for a good electrical conductivity. Thereby, the 3D network of the conducting CNTs should be able to perfectly connect MnO x nanoparticles with the Ni foam substrates to construct the MnO x /CNT/Ni-foam composite, which are appealing for achieving high performance supercapacitor electrodes.
The crystal structure and composition of the MnO x /CNT composites on Ni foam substrates were investigated through XRD (not shown here) and EDS studies (Fig. 1d) . Except three peaks originated from Ni foam, there is no discernible peak shown in the XRD pattern. This can be attributed to the low intensity and broadening of the diffraction peaks resulting from the small grain size and poor crystallinity of the MnO x . EDS result of Sample A confirms the presence of Ni element (originated from the substrate) and C element (mainly originated from CNTs). Additionally, EDS studies indicate that the electrodeposits contain O and Mn species with an O/Mn atomic ratio of $2.85. Therefore, it can be concluded that the electrodeposits exhibit an amorphous nature of the rancieite-type MnO 2 .
14,15
Capacitive properties.-For MnO x , it is well accepted that the surface faradaic reactions will proceed according to the following reaction 7 CV studies are performed to evaluate the capacitive behavior of the electrodes. The CV currents at Sample A and Sample B are much larger than that of Sample C (Fig. 2a) . This implies that the MnO x /CNT/Ni-foam electrodes have much higher capacitive performance than the CNT/Ni-foam electrode, and the SCs of the MnO x /CNT/Ni-foam electrodes arise mainly from MnO x . Moreover, for Sample B, its CV has two redox reaction peaks which are responsible for the pseudo-capacitive capacitance. Additionally, its CV shape is obviously smaller and narrower than that of Sample A, suggesting that the increase in the loading mass of MnO x results in a significant reduction of the SCs, attributable to an increasing resistance of the MnO x coating layer. Figure 2b shows that the CV current density of Sample A increases gradually with the increase of the scan rate, and all CVs show a typical capacitive behavior with near rectangular-shape. It is well known that a rectangular-shaped CV over a wide range of scan rate is very important due to the demand of high power in ECs. As shown in Fig. 2c , for Sample A and Sample C, CV current density increases linearly with scan rate, suggesting that the electrodes have high power characteristics. In contrast, for Sample B, CV current density is lower than that of Sample A, especially at high scan rates. Obviously, the increase in the loading mass of MnO x results in a significant reduction in the power characteristics which can be attributed to the intrinsically poor electronic conductivity and dense morphology of MnO x . 7 EIS measurements are performed to investigate the electrochemical characteristics of the electrode/electrolyte interface (Fig. 3a) .
The high frequency value of the real part of complex impedance has been used for the estimation of the electrode system resistance, which is found to be $2.8 X for Sample A. The results indicate that the presence of CNTs indeed decreases the resistance of the electrode system. Moreover, the increase in the loading mass of MnO x results in a significant increase in electrical resistance. It is known that the SC of the electrode can be efficiently quantified from the galvanostatic discharge curve according to the following equation
Where I is the applied current during discharge process; t is the discharge time; DV is the potential window (1 V); M is the mass of MnO x ; C s is the SC of the electrode based on MnO x . As shown in Fig. 3b , for Sample A, the SC based on MnO x equals to 462.0, 428.0, 375.0, 340.0, and 280.0 F g À1 at specific current density of 5, 10, 25, 50, and 100 A g À1 , respectively. For Sample D, the SC is much lower than that of CNT-supported electrode with same MnO x loading mass, especially at high specific current density. For Sample B, there has been a significant reduction in both the SC and the power capability. In addition, the SC of Sample C was measured to be 16.0 F g À1 at a specific current density of 5 A g À1 which is relatively small in comparison with those of the MnO x /CNT/Ni-foam electrodes. The results are consistent with those of CV studies. The long-term cycle stability of Sample A was shown in Fig. 3c . The MnO x /CNT/Ni-foam electrode displays good long-term cycle stability, only 3.68% decrease of the specific capacitance is observed after 500 charge-discharge cycles, indicating that the repetitive chargedischarges do not induce noticeable degradation of the microstructure.
Conclusions
The 3D hierarchically porous microstructure of MnO x /CNT/Nifoam electrode leads to the enhanced capacitive performance due to the facile electrolyte penetration and fast ions exchange. Furthermore, the improved capacitive properties of the electrode can be attributed to CNTs which connect the MnO x nanoparticles with the current collector to enhance the electronic conductivity. The welldispersion of MnO x nanoparticles on the surface of individual CNT provides a much larger surface area for reaction, leading to the effective utilization of the electrode material. In addition, the presence of CNTs is expected to greatly reduce the stress induced by the high current cycling, which is very important for a long cycle stability of the system. 17 
